Abstract: Several formulas for the calculation of the admittance of open-ended coaxial probes from the complex permittivity, E, of the measured medium and the dimensions of the probe are presented. The inverse problem, calculation of c from the measured admittance of the probe, is also studied in detail. These formulas are discussed and compared in terms of numerical calculations. New universal diagrams of solutions of these problems are presented which are both convenient and useful for practical measurements. Some distinguishing features of the relationship between E of the measured medium and the admittance of the probe are discussed.
Introduction
The method of measurement of dielectric constant using open-ended coaxial lines has been studied in detail by many authors [ 1-71, In past articles, both the calculation model and formulas were given [S, 91. More recently, the probe admittance was calculated numerically using the mode-matching technique [ l o ] so as to take higher order modes into account. This method is more accurate but, it is also time consuming. A quasi-static analysis of this problem has been presented for practical calculations [ l l ] . This method is very convenient for low frequency cases, but fails when the probes become large. The calculation of relatively large probes and lossy test mediums as found in biological materials is the subject of this paper. Calculation methods are discussed and a set of universal diagrams are given. Both the direct and inverse problems (the calculation of probe admittance from the given complex permittivity, E, of the tested medium and vice versa) are studied in detail. The analysis is not only helpful to the calculation in practical measurements, but can also provide a clear conception about the features of the relationship between the probe admittance and c of the measured media. In practical measurements, the coaxial probe should first be calibrated to cancel the errors owing to the additional discontinuities of the coaxial line, e.g., connectors, bends, etc., and the calculation of the probe admittance from the given complex permittivity, E, of the calibration media is necessary [ 7 ] . It is well known that there are three equivalent formulations for the admittance of the probe which are :
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In the first
where and in the third case [8, 9 ] :
In these expressions, a and b are the inner and outer radii of the coaxial line; k is the propagation constant in free space ( 2~/ & ) where io is the wavelength in vacuum; c = E' -ie" is the relative permittivity of the material under test and E , is that of the coaxial line, J , is the Bessel function of zero order and si is the sine integral. Eqn. 1 is in the original form. It must calculate the triple integral which has singular points at p = p' for 4' = 0; the calculation time is quite long and hence it is rarely used in numerical calculation. Eqns. 2 and 3 are the simplified forms of eqn. 1 after some mathematical transformations. Their computations are quite fast, espe-cially when there are Bessel functions of zero order and sine integrals in software library. The arguments of these functions in eqn. 3 become complex and they often are absent in an ordinary software library for cases with lossy dielectrics. Therefore, eqn. 2 is adopted in the calculation since only the Bessel function of zero order with real arguments must be calculated. This exists in library IMSL MATH. Generally speaking, eqn. 2 is mostly suitable for calculating the cases with lossy dielectrics and eqn. 3 should be used for lossless cases.
After normalisation, eqn. 2 takes the following form : (b) It may appear strange that in Figs. 1 and 3 , when the values of kaJ(d) lie between 1 and 2, and the loss tangent tan 6 of the tested medium is small, ka(G/Yo) decreases when tan 6 increases. This phenomenon may be explained as follows. Expand the probe admittance with respect to E" into Taylor series when E" is small. (c) Since the value of B always decreases when E" increases, it will eventually become negative when E" is suficiently large. This means the admittance of the probe changes from a capacitive to an inductive one at milimetre wavelengths, where the value of ka also becomes quite large.
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Inverse problem
When the calibration of the probe is completed, the complex permittivity of the test media must be computed from probe admittance measurements. This implies the solution of eqns. 1-3 for E' and E" from the measured probe admittance. This can be achieved by using Newton's method of solution of the complex transcendental equations (iterative method) as in Reference 12. It is well known that the results of Newton's method are not always convergent; an alternative method of trans- [:
Eqn. 6 is not suitable for calculations for lossless or low loss cases, because a higher order singular point is present in the integrand. In these cases, eqn. 7 or the method presented later may be used. The following initial solution was adopted:
kUJ(E') = 1.25ka(G/Yo) and
The calculated results are shown in Figs. 5-8 and some features of these diagrams are observed as follows: (i) The values of kaJ(6') are mainly determined by (G/Yo)ka. This is reasonable since the radiation effect is dominant when k a J (~' ) is not small. 
